Evidence from neuroimaging and brain stimulation studies suggest that visual 23 information about objects in the periphery is fed back to foveal retinotopic cortex in a separate 24 representation that is essential for peripheral perception. The characteristics of this phenomenon 25 has important theoretical implications for the role fovea-specific feedback might play in 26 perception. In this work, we employed a recently developed behavioral paradigm to explore 27 whether late disruption to central visual space impaired perception of color. First, participants 28 performed a shape discrimination task on colored novel objects in the periphery while fixating 29 centrally. Consistent with the results from previous work, a visual distractor presented at fixation 30~100ms after presentation of the peripheral stimuli impaired sensitivity to differences in 31 peripheral shapes more than a visual distractor presented at other stimulus onset asynchronies. In 32 a second experiment, participants performed a color discrimination task on the same colored 33 objects. In a third experiment, we further tested for the foveal distractor effect with stimuli 34 restricted to a low-level feature by using homogenous color patches. These two latter 35 experiments resulted in a similar pattern of behavior: a central distractor presented at the critical 36 stimulus onset asynchrony impaired sensitivity to peripheral color differences, but, importantly, 37 the magnitude of the effect depended on whether peripheral objects contained complex shape 38 information. These results taken together suggest that feedback to the foveal confluence is a 39 component of visual processing supporting perception of both object form and color. 40 Introduction 3 41 Visual object recognition is traditionally thought to conform to a bottom-up, feedforward 42 model of processing that begins with the extraction of low-level object information in early 43 visual areas [1,2]. From there, visual information proceeds along a hierarchy of cortical regions 44 representing increasingly complex information. In addition, feedback connections from higher to 45 lower visual areas also have an important role in visual perception, such that feedback modulates 46 or attunes feedforward information [3-5]. Williams et al. [6] used multi-voxel pattern analysis of 47 fMRI data to demonstrate that information about the category of novel objects [7] presented in 48 the observer's periphery could be decoded in cortical regions that corresponded to central, foveal 49 visual space, an area far removed from the stimulus input. The authors attributed this to a 50 feedback process, as the fovea remained unstimulated throughout the experiment. The results 51 from Williams et al. [6] suggested a new type of feedback mechanism -one that is capable of 52 constructing a new and separate representation of peripheral object information. Critically, 53 stronger representation of peripheral object category in foveal retinotopic cortex correlated with 54 better behavioral performance on the task, implying an important role for this representation in 55 perception.
Stimuli and apparatus
Sixteen stimuli were selected from a set of 1296 pre-generated "smoothie" stimuli [7] .
139 These 16 exemplars were selected to represent the most extreme variations in the larger set.
140 Using Matlab (Mathworks), each of the 16 exemplars was covered with a colored, transparent 141 mask created in CIE L*c*h color space. Every colored mask had a luminance value of 85 and a 142 chroma value of 38. The colored masks varied in hue angle from 0° (red) to 200° (blue) in steps 143 of five degrees, resulting in a full stimulus set of 656 objects. We used a large range of colors to 144 mimic the variability in the shapes of the exemplars. A further smoothie stimulus, which was not 145 one of the 16 main exemplars, was selected for use as a visual distractor. This distractor was 146 covered with a colored mask that had a hue value of 63, which was not one of the possible target 147 colors. In this way, it was possible for the distractor object to vary in degree of similarity, to the 148 color and/or shape of either target while never being identical to either characteristic. Each 149 stimulus subtended ~1.5° of visual angle.
150
Experimental sessions took place in a dimly-lit, windowless laboratory at Macquarie 151 University, Sydney. Stimuli were presented on an sRGB-calibrated 27in Samsung SyncMaster 8 152 AS950 monitor at a resolution of 1920x1080 pixels and a refresh rate of 120Hz. We tracked 153 fixation of the right eye with an Eyelink 1000 remote eye-tracker at 500Hz. The camera and 154 infrared illuminator were mounted in front of the participant below the desktop display so that 155 the screen was not obscured.
156
Training procedure 157 Prior to the experiment, participants were trained on a basic discrimination task (with no 158 central distractor). First, a white fixation cross was displayed for 315ms. Then, two colored 159 target objects were displayed for 417ms in the upper left and lower right quadrants of the screen.
160 The targets were presented in these same locations throughout the training tasks and the 161 experiments ( Fig. 1 ). Participants were instructed to maintain fixation on the central cross 162 throughout each trial and determine if the two targets in the array were different shapes or if they 163 were identical in shape as quickly and accurately as possible, while ignoring the color of the 164 targets. In "same" trials, the targets were always presented in the same orientation. In half of the 165 trials, these target stimuli were different shapes, chosen at random from the larger set of 16, and 166 in the other half they were identical shapes. The targets, regardless of whether they were the 167 same or different shapes, always differed in color by a hue angle of 60°. The degree of color 168 difference was selected based on pilot data, such that participants' performance on a shape 169 discrimination task would be similar to their performance in a color discrimination task using the 170 same stimuli (see Experiment 2). Participants had 2000ms to respond with their right index 171 finger or middle finger on the keyboard to indicate a "same" or "different" judgment, 172 respectively. Following each response, participants were given onscreen accuracy feedback. Trials were presented in blocks of ten. Once participants could perform the discrimination 186 task with >70% accuracy across a single block with a target display duration of 417ms, the 187 presentation time of the targets decreased to 267ms. Participants repeated the training procedure 188 until they were able to perform the task with >70% accuracy in a block. Then, the presentation 189 time of the targets further decreased to 117ms, which reflected the timing conditions in the 190 experiment. Training continued until participants were able to make at least 70% correct 191 discriminations when the target array was displayed for 117ms, while maintaining fixation 192 throughout the block. In general, participants were able to complete the training within 20 193 minutes.
194
Experimental procedure 195 The procedure for Experiment 1 was similar to the training procedure with two major 196 changes: there was a fixed target presentation duration of 117ms and a distractor object appeared 12 243 Results
244
Our dependent variable was d' as a measure of discrimination sensitivity for comparing the 245 targets. The hit rate was defined as the proportion of correct "same" responses on "same" trials, 246 and the false alarm rate was defined as the proportion of "same" responses on "different" trials 247 (see Table in S1 Table) . We ran a two-way repeated measures ANOVA on d' with the factors of 248 SOA (-267ms, -117ms, 0ms, +117ms, +267ms) and distractor type (grey, colored). We applied a 249 Greenhouse-Geisser correction to the main effect of SOA in order to correct for violated 250 sphericity found using Mauchly's Test of Sphericity (χ 2 (9) = 21.215, p = 0.012). There was a 251 significant main effect of SOA (F(2.75, 49.56) = 20.258, p < 0.001, η p 2 = 0.530), no main effect 252 of distractor type (F(1, 18) = 0.042, p = 0.841, η p 2 = 0.002), and no interaction (F(4, 72) < 1, p = 253 0.970, η p 2 = 0.007; Fig. 3 ). This result demonstrates that discrimination sensitivity varies with 254 SOA, and whether the distractor object was colored or greyscale has little effect on the 255 participants' ability to discriminate between peripheral colored objects. 268 and +267ms SOA (p < 0.001; Fig. 3 ). The only other significant difference was that 269 discrimination sensitivity was significantly lower at 0ms SOA than -267ms SOA (p < 0.001). No 270 other comparisons approached significance after correction (p > 0.005; see Table in S2 Table) .
271 Taken together, these results show that a central distractor appearing 117ms after target onset 272 disrupted participants' ability to discriminate between the peripheral targets more than a 273 distractor appearing at other SOAs. This is an important replication of the foveal distractor effect 274 [10] with stimuli that have different features.
275 Experiment 2: Discriminating color 276 Most studies investigating the temporally-specific disruption of peripheral discrimination 277 sensitivity have used a task requiring discrimination of fine spatial details [8,10,11, but see 9]
278 The aim of Experiment 2 was to determine whether this foveal distractor effect would occur 279 when participants attend to and perform a discrimination task on an object characteristic other 280 than shape, in this case, color. Color is an object characteristic that is easily manipulated while 281 avoiding changes to spatial details of the visual stimuli. We used the stimuli from Experiment 1 282 in order to minimize differences between the two experiments. The stimuli and apparatus were the same as in Experiment 1. Prior to taking part in the 292 experiment, participants were trained on a basic discrimination task similar to the training for 293 Experiment 1, except that in Experiment 2, participants discriminated between the colors rather 294 than the shapes of the objects. The shapes of the target objects in Experiment 2 were always 295 different, randomly chosen from the set of 16 exemplars. Participants were instructed to ignore 296 the shapes of the targets and make a judgement on whether the colors of the targets were 297 identical or different. In each trial, one color was chosen at random between the hue angles of 0° 298 and 200°. In "same" trials, the objects' colors were identical. In "different" trials, the second 299 target's color always differed by a hue angle of 60°. The degree of difference was determined 300 based on pilot data such that participants would be able to discriminate between the two colors 301 with a similar accuracy as when doing the shape task described in Experiment 1, and the range of 302 colors was chosen to complement the variability in the shapes of the exemplars. The parameters 303 of the training task were the same as in Experiment 1 (see Fig. 1 ). Participants were trained until 304 they were able to make at least 70% correct discriminations when the target array was displayed 305 for 117ms, while maintaining fixation throughout the block.
306
Experiment 2 was carried out in a similar way to Experiment 1 (see Fig. 2 ), but the 307 required task was different: participants were asked to judge whether the two colored objects 308 were the same color while ignoring their shapes.
309
The eye-tracker was unavailable for seven of the participants in Experiment 2. In the cases 310 of eye-tracked participants, we discarded 0.08% of completed trials from analysis.
Results

312
Our dependent variable was again d' for target discrimination sensitivity. The hit and false 313 alarm rates (see Table in S3 Table) were defined as in Experiment 1. We ran a two-way repeated 314 measures ANOVA on d' with the factors of SOA (-267ms, -117ms, 0ms, +117ms, +267ms) and 315 distractor type (grey, colored). There was a significant main effect of SOA (F(4, 72) = 7.328, p < 316 0.001, η p 2 = 0.289), no main effect of distractor type (F(1, 18) = 1.045, p = 0.32, η p 2 = 0.55), and 317 no interaction (F(4, 72) = 1.918, p = 0.117, η p 2 = 0.096; Fig. 4 ). This result suggests that target 318 discrimination sensitivity on the color task varied with distractor SOA, and whether the distractor 319 object was colored or grey had little effect on performance. 327 Target discrimination sensitivity was significantly impaired for +117ms SOA compared to that at 328 -267ms SOA (p = 0.001), -117ms SOA (p = 0.003), and +267ms SOA (p < 0.001). No other 329 comparisons survived correction (p > 0.021; see Table in S4 Table) . Although the pattern is less 330 clear for this experiment, these significant results are similar to the pattern of results from In Experiment 3, participants were asked to judge whether the two target circles were the 366 same or different colors. This meant that unlike in the previous experiments, they were no longer 367 required to ignore any feature of the targets. Otherwise, the training and experimental procedures 368 were the same as in Experiment 2. Three participants were not eye-tracked due to technical 369 problems with the eye-tracker. For the other participants, we discarded 0.06% of the eye-tracked 370 trials from the analysis due to fixation failures.
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